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Abstract
In this short paper we investigate quantum gravitational effects on Einstein’s equa-
tions using effective field theory techniques. We consider the leading order quantum
gravitational correction to the wave equation. Besides the usual massless mode, we
find a pair of modes with complex masses. These massive particles have a width and
could thus lead to a damping of gravitational waves if excited in violent astrophysical
processes producing gravitational waves such as e.g. black hole mergers. We discuss
the consequences for gravitational wave events such as GW 150914 recently observed
by the Advanced LIGO collaboration.
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The recent discovery of gravitational waves by the Advanced LIGO collaboration [1]
marks the beginning of a new era in astronomy which could shed some new light on our
universe revealing its darkest elements that do not interact with electromagnetic radiations.
This discovery could also lead to some new insights in theoretical physics. In this short
paper we study the leading effect of quantum gravity on gravitational waves using effective
field theory techniques. While the discovery of a theory of quantum gravity might still be
far away, it is possible to use effective field theory techniques to make actual predictions
in quantum gravity. Assuming that diffeomorphism invariance is the correct symmetry of
quantum gravity at the Planck scale and assuming that we know the field content below
the Planck scale, we can write down an effective action for any theory of quantum gravity.
This effective theory, dubbed Effective Quantum Gravity, is valid up to energies close to the
Planck mass. It is obtained by linearizing general relativity around a chosen background.
The massless graviton is described by a massless spin 2 tensor which is quantized using
the standard quantum field theoretical procedure. It is well known that this theory is
non-renormalizable, but divergences can be absorbed into the Wilson coefficients of higher
dimensional operators compatible with diffeomorphism invariance. The difference with a
standard renormalizable theory resides in the fact that an infinite number of measurements
are necessary to determine the action to all orders. Nevertheless, Effective Quantum Gravity
enables some predictions which are model independent and which therefore represent true
tests of quantum gravity, whatever the underlying theory might be.
We will first investigate quantum gravitational corrections to linearized Einstein’s equa-
tions. Solving these equations, we show that besides the usual solution that corresponds to
the propagation of the massless graviton, there are solutions corresponding to massive de-
grees of freedom. If these massive degrees of freedom are excited during violent astrophysical
processes a sizable fraction of the energy released by such processes could be emitted into
this modes. We shall show that the corresponding gravitational wave is damped and that
the energy of the wave could thus dissipate. We then study whether the recent discovery of
gravitational waves by the Advanced LIGO collaboration [1] could lead to a test of quantum
gravity.
Given a matter Lagrangian coupled to general relativity with Ns scalar degrees of free-
dom, Nf fermions and NV vectors one can calculate the graviton vacuum polarization in
the large N = Ns + 3Nf + 12NV limit with keeping NGN , where GN is Newton’s constant,
small. Since we are interested in energies below M⋆ which is the energy scale at which the
effective theory breaks down, we do not need to consider the graviton self-interactions which
are suppressed by powers of 1/N in comparison to the matter loops. Note that M⋆ is a
dynamical quantity and does not necessarily corresponds to the usual reduced Planck mass
of order 1018 GeV (see e.g. [2]). The divergence in this diagram can be isolated using dimen-
1
sional regularization and absorbed in the coefficient of R2 and RµνR
µν . An infinite series of
vacuum polarization diagrams contributing to the graviton propagator can be resummed in
the large N limit. This procedure leads to a resummed graviton propagator given by [3]
iDαβ,µν(q2) =
i
(
LαµLβν + LανLβµ − LαβLµν)
2q2
(
1− NGN q2
120π
log
(
− q2
µ2
)) (1)
with Lµν(q) = ηµν − qµqν/q2 and where µ is the renormalization scale. This resummed
propagator is the source of interesting acausal and non-local effects which have just started
to be investigated [3–8]. Here we shall focus on how these quantum gravity effects affect
gravitational waves.
From the resummed graviton propagator in momentum space, we can directly read off
the classical field equation for the spin 2 gravitational wave in momentum space
2q2
(
1− NGNq
2
120π
log
(
− q
2
µ2
))
= 0. (2)
This equation has three solutions [7]:
q2
1
= 0, (3)
q2
2
=
1
GNN
120π
W
(
−120π
µ2NGN
) ,
q2
3
= (q2
2
)∗,
where W is the Lambert function. The complex pole corresponds to a new massive degree
of freedom with a complex mass (i.e. they have a width [7]). The general wave solution is
thus of the form
hµν(x) = aµν
1
exp(−iq1αxα) + aµν2 exp(−iq2αxα) + aµν3 exp(−iq⋆2αxα). (4)
We therefore have three degrees of freedom which can be excited in gravitational processes
leading to the emission of gravitational waves. Note that our solution is linear, non-linearities
in gravitational waves (see e.g. [9]) have been investigated and are as expected very small.
The position of the complex pole depends on the number of fields in the model. In the
standard model of particle physics, one has Ns = 4, Nf = 45, and NV = 12. We thus
find N = 283 and the pair of complex poles at (7 − 3i) × 1018 GeV and (7 + 3i) × 1018
GeV. Note that the pole q2
3
corresponds to a particle which has an incorrect sign between
the squared mass and the width term. We shall not investigate this Lee-Wick pole further
and assume that this potential problem is cured by strong gravitational interactions. The
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renormalization scale needs to be adjusted to match the number of particles included in the
model. Indeed, to a good approximation the real part of the complex pole is of the order of
|Re q2| ∼
√
120π
NGN
(5)
which corresponds to the energy scaleM⋆ at which the effective theory breaks down. Indeed,
the complex pole will lead to acausal effects and it is thus a signal of strong quantum
gravitational effects which cannot be described within the realm of the effective theory. We
should thus pick our renormalization scale µ of the order of M⋆ ∼ |Re q2|. We have
q2
2
≈ ± 1
GNN
120π
W (−1) ≈ ∓(0.17 + 0.71 i)
120π
GNN
, (6)
and we thus find the mass of the complex pole:
m2 = (0.53− 0.67 i)
√
120π
GNN
. (7)
As emphasized before, the mass of this object depends on the number of fields in the theory.
The corresponding wave has a frequency:
w2 = q
0
2
= ±
√
~q2.~q2 + (0.17 + 0.71 i)
120π
GNN
(8)
= ±

 1√
2
√√√√√(
~q2.~q2 + 0.17
120π
GNN
)2
+
(
0.71
120π
GNN
)2
+ ~q2.~q2 + 0.17
120π
GNN
+i
1√
2
√√√√√(
~q2.~q2 + 0.17
120π
GNN
)2
+
(
0.71
120π
GNN
)2
− ~q2.~q2 − 0.17 120π
GNN

 .
The imaginary part of the complex pole will lead to a damping of the component of the grav-
itational wave corresponding to that mode. The complex poles are gravitationally coupled to
matter, we must thus assume that the massive modes are produced at the same rate as the
usual massless graviton mode if this is allowed kinematically. During an astrophysical event
leading to gravitational waves, some of the energy will be emitted into these massive modes
which will decay rather quickly because of their large decay width. The possible damping
of the gravitational wave implies that care should be taken when relating the energy of the
gravitational wave observed on earth to that of the astrophysical event as some of this energy
could have been dissipated away as the wave travels towards earth.
The idea that gravitational waves could experience some damping has been considered
before [10], however it is well known that the graviton cannot split into many gravitons,
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even at the quantum level [11], if there was such an effect it would have to be at the non-
perturbative level [12]. In our case, the massless mode is not damped, there is thus no
contradiction with the work of [11]. Also, as emphasized before the dispersion relation of
the massless mode of the gravitational wave is not affected, we do not violate any essentially
symmetry such as Lorentz invariance. This is in contrast to the model presented in [13].
Since the complex poles couple with the same coupling to matter as the usual massless
graviton, we can think of them as a massive graviton although strictly speaking these objects
have two polarizations only in contrast to massive gravitons that have five. This idea has been
applied in the context of F (R) gravity [14] (see also [15,16] for earlier works on gravitational
waves in F (R) gravity). We shall assume that these massive modes can be excited during
the merger of two black holes. As a rough approximation, we shall assume that all the
energy released during the merger is emitted into these modes. Given this assumption, we
can use the limit derived by the LIGO collaboration on a graviton mass. We know that
mg < 1.2× 10−22 eV and we can thus get a limit:√√√√√Re

 1
GNN
120π
W
(
−120πM2
P
µ2N
)

 < 1.2× 10−22 eV (9)
we thus obtain a lower bound on N : N > 4×10102 if all the energy of the merger was carried
away by massive modes. Clearly this is not realistic as the massless mode will be excited.
However, it implies that if the massive modes are produced, they will only arrive on earth
if their masses are smaller than 1.2× 10−22 eV. Waves corresponding to more massive poles
will be damped before reaching earth. We shall see that there are tighter bounds on the
mass of these objects coming from Eo¨tvo¨s type pendulum experiments.
At this stage, we need to discuss which modes can be produced during the two black
holes merger that led to the gravitational wave observed by the LIGO collaboration. The
LIGO collaboration estimates that the gravitational wave GW150914 is produced by the
coalescence of two black holes: the black holes follow an inspiral orbit before merging, and
subsequently going through a final black hole ringdown. Over 0.2 s, the signal increases in
frequency and amplitude in about 8 cycles from 35 to 150 Hz, where the amplitude reaches
a maximum [1]. The typical energy of the gravitational wave is of the order of 150 Hz or
6 × 10−13 eV. In other words, if the gravitational wave had been emitted in the massive
mode, they could not have been heavier than 6× 10−22 GeV. However, this shows that it is
perfectly conceivable that a sizable number of massive gravitons with mg < 1.2 × 10−22 eV
could have been produced.
Let us now revisit the bound on the number of fields N and thus the new complex
pole using Eo¨tvo¨s type pendulum experiments looking for deviations of the Newtonian 1/r
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potential. The resummed graviton propagator discussed above can be represented by the
effective operator
N
2304π2
R log
(

µ2
)
R (10)
where R is the Ricci scalar. As explained above the log term will be a contribution of order
1, this operator is thus very similar to the more familiar cR2 term studied by Stelle long ago.
The current bound on the Wilson coefficient of c is c < 1061 [17–19]. We can translate this
bound into a bound on N : N < 2 × 1065. This implies that the mass of the complex pole
must be larger than 5 × 10−13GeV. This bound, although very weak, is more constraining
than the one we have obtained from the graviton mass by 37 orders of magnitude.
In this short paper we have investigated quantum gravitational effects in gravitational
waves using conservative effective theory methods which are model independent. We found
that quantum gravity leads to new poles in the propagator of the graviton besides the usual
massless pole. These new states are massive and couple gravitationally to matter. If kine-
matically allowed, they would thus be produced in roughly the same amount as the usual
massless mode in energetic astrophysical events. A sizable amount of the energy produced
in astrophysical events could thus be carried away by massive modes which would decay
and lead to a damping of this component of the gravitational wave. While our back-of-
the-envelope calculation indicates that the energy released in the merger recently observed
by LIGO was unlikely to be high enough to produce such modes, one should be careful in
extrapolating the amount of energy of astrophysical events from the energy of the gravita-
tional wave observed on earth. This effect could be particularly important for primordial
gravitational waves if the scale of inflation is in the region of 1016 GeV, i.e. within a few
orders of magnitude of the Planck scale.
Acknowledgments: This work is supported in part by the Science and Technology Fa-
cilities Council (grant number ST/L000504/1), by a Chancellor’s International Scholarship
of the University of Sussex and by the National Council for Scientific and Technological
Development (CNPq - Brazil).
References
[1] B. P. Abbott et al. [LIGO Scientific and Virgo Collaborations], “Observation of Gravi-
tational Waves from a Binary Black Hole Merger,” Phys. Rev. Lett. 116, no. 6, 061102
(2016) doi:10.1103/PhysRevLett.116.061102 [arXiv:1602.03837 [gr-qc]].
[2] X. Calmet, “Effective theory for quantum gravity,” Int. J. Mod. Phys. D 22, 1342014
(2013) doi:10.1142/S0218271813420145 [arXiv:1308.6155 [gr-qc]].
5
[3] U. Aydemir, M. M. Anber and J. F. Donoghue, “Self-healing of unitarity in effec-
tive field theories and the onset of new physics,” Phys. Rev. D 86, 014025 (2012)
doi:10.1103/PhysRevD.86.014025 [arXiv:1203.5153 [hep-ph]].
[4] J. F. Donoghue and B. K. El-Menoufi, “Nonlocal quantum effects in cosmology: Quan-
tum memory, nonlocal FLRW equations, and singularity avoidance,” Phys. Rev. D 89,
no. 10, 104062 (2014) [arXiv:1402.3252 [gr-qc]].
[5] X. Calmet and R. Casadio, “Self-healing of unitarity in Higgs inflation,” Phys. Lett. B
734, 17 (2014) doi:10.1016/j.physletb.2014.05.008 [arXiv:1310.7410 [hep-ph]].
[6] X. Calmet, D. Croon and C. Fritz, “Non-locality in Quantum Field Theory due to
General Relativity,” Eur. Phys. J. C 75, no. 12, 605 (2015) doi:10.1140/epjc/s10052-
015-3838-2 [arXiv:1505.04517 [hep-th]].
[7] X. Calmet, “The Lightest of Black Holes,” Mod. Phys. Lett. A 29, 1450204 (2014)
doi:10.1142/S0217732314502046 [arXiv:1410.2807 [hep-th]].
[8] X. Calmet and R. Casadio, “The horizon of the lightest black hole,” Eur. Phys. J. C
75, no. 9, 445 (2015) doi:10.1140/epjc/s10052-015-3668-2 [arXiv:1509.02055 [hep-th]].
[9] R. Aldrovandi, J. G. Pereira, R. da Rocha and K. H. Vu, “Nonlinear Gravitational
Waves: Their Form and Effects,” Int. J. Theor. Phys. 49, 549 (2010) doi:10.1007/s10773-
009-0236-2 [arXiv:0809.2911 [gr-qc]].
[10] P. Jones and D. Singleton, “Gravitons to photons N˜ Attenuation of gravitational
waves,” Int. J. Mod. Phys. D 24, no. 12, 1544017 (2015) doi:10.1142/S0218271815440174
[arXiv:1505.04843 [gr-qc]].
[11] G. Fiore and G. Modanese, “General properties of the decay amplitudes for mass-
less particles,” Nucl. Phys. B 477, 623 (1996) doi:10.1016/0550-3213(96)00346-X
[hep-th/9508018].
[12] M. Efroimsky, “Weak gravitation waves in vacuum and in media: Taking nonlinearity
into account,” Phys. Rev. D 49, 6512 (1994). doi:10.1103/PhysRevD.49.6512
[13] M. Arzano and G. Calcagni, “What gravity waves are telling about quantum spacetime,”
arXiv:1604.00541 [gr-qc].
[14] J. Vainio and I. Vilja, “f(R) gravity constraints from gravity waves,” arXiv:1603.09551
[astro-ph.CO].
[15] C. Bogdanos, S. Capozziello, M. De Laurentis and S. Nesseris, Astropart. Phys. 34, 236
(2010) doi:10.1016/j.astropartphys.2010.08.001 [arXiv:0911.3094 [gr-qc]].
[16] S. Capozziello and A. Stabile, Astrophys. Space Sci. 358, no. 2, 27 (2015).
doi:10.1007/s10509-015-2425-1
[17] C. D. Hoyle, D. J. Kapner, B. R. Heckel, E. G. Adelberger, J. H. Gundlach, U. Schmidt
and H. E. Swanson, “Sub-millimeter tests of the gravitational inverse-square law,” Phys.
Rev. D 70, 042004 (2004) doi:10.1103/PhysRevD.70.042004 [hep-ph/0405262].
[18] K. S. Stelle, “Classical Gravity with Higher Derivatives,” Gen. Rel. Grav. 9, 353 (1978).
doi:10.1007/BF00760427
6
[19] X. Calmet, S. D. H. Hsu and D. Reeb, “Quantum gravity at a TeV and
the renormalization of Newton’s constant,” Phys. Rev. D 77, 125015 (2008)
doi:10.1103/PhysRevD.77.125015 [arXiv:0803.1836 [hep-th]].
7
